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Apparatus fo* Providing Optical Radia&m 

• • • . 

» i 

■ 

Field of Invention 

* * _ 

This invention relates to an apparatus for providing optical radiation. Hie 
invention can take various forms, for example a laser, an optical amplifier, a source of 

* 

amplified spontaneous emission, or a master oscillator power amplifier. The 
invention has application for materials processing. 
Background to the Invention 

Pulsed NdYAG lasers are widely used in industrial processes such as welding, 
cutting and marking. Care has to be taken in these processes to ensure that the 

■•A 

plasmas generated by die laser does not interfere with the incoming laser pulses. The 
relatively low pulse repetition rates (6kHz) at high peak powers that are achievable in 
a NdYAG laser have led to their wide application in laser machining. 

Fibre lasers are increasingly being used for materials processing applications.. -. 
such as welding, cutting and mariong. Their advantages include high efficiency, 
robustness and high beam quality. Examples include femtosecond lasers for 
m^tiphoton processing such as the imaging of biological tissues, Q-switched lasers 
for machining applications, and high-power continuous-wave lasers- Their 
disadvantage is their relatively low energy storage capacity as compared to NdYAG 
lasers. 

♦ 

in many applications, fibre lasers need to compete with the more mature diode 

pumped solid state lasers. In Order to do so, much greater optical powers need to be 

« i 
achieved, with high reliability and lower cost. 
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Hbre lasers are typically Longer than diode-pumped solid state lasers, and this 
leads to non-linear limitations such as Raman scattering -becoming problematical. It 

i 

i 

would be advantageous to have fibre lasers that are shorter. 

Fibre lasers are typically pumped with diode lasers in bar or stack form. The 

♦ » ■ 

output from bars and stacks is not ideally matched to me geometry of fibre lasers, 
leading to a loss in brightness, and thus the need to increase the length of cladding 
pumped fibre lasers in order to obtain me necessary absorption and output energy. 

Cladding pumped fibre lasers mat have been described in the prior art have 
inner claddings mat are either rectangular, nave flats machined on mem, have a shape 
such as a polygon, or are asymmetric. None 'of these shapes provides high coupling 
of cladding modes with me core modes whilst also combining a substantially regular 
geometry with curved outside edges that is suitable for coupling radiation from 

substantially round sources. 

An aim of the present invention is to provide an apparatus for providing 

optical radiation that reduces the above aforementioned problem. 



SuBiiaary of the Inventus 

* 

According to a non-limiting embodiment of me present invention, there is 



provided apparatus for providing optical radiation, which apparatus comprises an 
optical fibre having core, a first cladding and a second cladding, in which the first 
cladding has a substantially constant diameter. 
The first cladding may be non-circular. 

* 

The fest cladding may have- at least one axis of mirror symmetry. 

The first cladding may have a geometric centre, The oore may be located at 

* * * 

■ .> < * 

the geometric centre. The core may be offeet from me geometric centre. 



25-JUN-2003 HEP 18? 17 ' SOUTHAMPTON PH5JTOKICS " FAX HO. .02380760312 

4 

* 

* 

-3- 

■ 

t ■ 

■ 

The core may be centred at the centre of the smallest imaginary circle that aan 
contain the first cladding. Alternatively, the core may be of&k Jrom the centre of the . 

• » ■ » 

> 

largest imaginary circle that can be contained within the first cladding. 

» i • * - ■ 

The first cladding may comprise circular arcs having centres at the vertices of 

• ■ 

' w 

an equilateral star. The circular arcs may have a first radius equal to the length of the 
side of the star, The circular arcs may each have a first radius greater than the length 
of the side of the star, which circular arcs are joined by circular arcs each having a 
centre located at the vertices, and a second radius equal to the difference between the 
first radius and the length of the side of the star. 

4 

Each line of the star preferably crosses all the other lines of the star. The star 
may be an equiangular star. Alternatively, the star may contain at least two different 
angles. T 

The star preferably contains an odd number of vertices. 

The fibre may contain at least one longitudinally extended hole. Hie hole : 
may be circular. Alternatively, the hole may be non-circular, > 

The fibre may contain at least one region of low refractive index. The region 
of low refractive index may be circular. Alternatively, or in addition, the region of 
low ifcftactive index may be non-circular, 

The fibre may comprise rare-earth dopant. The rare earth doping may be 
selected from the group comprising Ytterbium, Erbium, Neodymium, Praseodymium, 
Thulium, Samatium* Holmium and Dysprosium* or is Erbium codoped with 
Ytterbium, or is Neodymium codoped with Ytterbium. 

■ 

The apparatus may comprise a pump source for providing pump radiation 
. . coupled to flie first cladding, 
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The apparatus may be to the form of a laser, an amplifier, a source of 
amplified spontaneous emission or a master oMaOatar power amplifier. 



Brief Description of the Drawings 

Embodiments of the invention will now be described solely fay way of 
example and with reference to the accompanying drawings in which: 

Figure 1 shows an apparatus for providing optical radiation according to the 

present invention; 

Figure 2 shows rays being internally reflected by a first and a second 
cladding; 

Figures 3 and 4 show first claddings based on a star with three vertices; 
Figures 5 and 6 show first claddings based on an equiangular star with five 

vertices; 

Figures 7 and 8 show first claddings based on a star with five vertices which 
first cladding has an axis of mirror symmetry; 

Figures 6 and 10 show first claddings with no axis of mirror symmetry; 
Figure 11 shows a fibre containing a core at the geometric centre of the first 



Figure 12 shows a fibre containing a core offset from the geometric centre of 
the first cladding; 

Figure 13 shows a fibre containing a core that is centred on the centre of the 
smallest imaginary circle that contains the first cladding; 

Figure 14 shows a fibre having a circular first cladding and a longitudmally 

extending hole; 
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a 

« | • ■ 

Figure 15 shows a fibre having a circular first cladding and a region of low 

. * • * * 

refractive index; 

■ 

• ■ 

Figure 16 shows a fibre having a non-circular * Sr$t cladding and a • 

• ■ * 
■ * ■ * 

longitudinally extending hole; 

* 

Figure 1 7 shows a fibre having a non-circular first cladding and a region of 
low refractive index; 

Figure 1 8 shows apparatus in the form of a laser, 

Figure 19 shows apparatus in the form of an optical amplifier; 

Figure 20 shows apparatus in the form of a source of amplified spontaneous 
emission; and 

i 

Figure 21 shows apparatus in the form of a master oscillator power amplifier- 



: 
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Detailed Description of Preferred Embodimente of the Invention 

Vnh inference to Figure I , ^ is provided apparatus for providing optical 
adfeb* which apparatus comprises an optical fibre 5 having* core 3, a first 
cladding 1 and a second cladding 2, in which the first cladding 1 has a substantially 



constant diameter 9. 

By diameter 9 it i 5 meat* the diameter or with of the first cladding 1 . 

It is preferred feat the refractive index of the core is greater than the refractive 
index of the first cladding 1 which has a higher refractive index than the second 
cladding 2. The first cladding I may be a glass such as a silica, doped silica, or a 
phosphate glass. The second cladding 2 may be a polymer, silica, a doped silica, a 
nucleate, or a doped phosphate glass. If the second cladding 2 is a glass, then it 
is preferred that the second cladding 2 is coated with a polymer. 

The shape ofthe first cladding 1 shown in Figure 1 is known as a Realeanx 



triangle. It is non-circular, and has the property that it has constant diameter. It has 
three vortices 6, each of which acts as the centre for the opposite circular arc 7 which 

connects adjacent vortices 6. 

An advantage of utilizing such a first claciding 1 is illustrated in Figure 2 
which shows a light ray 20 (assumed propagating longitudinally along me fibre 5) 



the second cladding 2. In a circular fibre, the ray 20 would be a so-called whispering 
gallery mode, reflecting at a uniform angle, and never intersecting the core 3. 
However, utilizing the Realeaux triangle, the ray 20 reflects at higher angles such that 
it intercepts the core 20 several times in the example shown. The result is a higher 
degreeof overlap of rays propagating along the first cladding 1 with the core 3, which 



25-JUN-2003 WED 16:18 SOUTHAMPTON PHOTONICS FAX NO. D2380760311 J 

-7- 

9 

is advantageous for a cladding pumped fibre laser or amplifier because this equates to 

* • 
* * 

a shorter length over which pump toergy is absorbed by the core 3. 

• ■ 

Further examples of the first cladding 1 are first claddings 31, 41. 51, 61, 71, 
81, 91, and 101 shown in Figures 3 to 10. The first claddings 31, 41, 51, and 61 have 

■ ■ 

i 

both rotatioaal and mirror symmetry. The first claddings 71 and 81 have only one 

♦ 

axis 77 of mirror symmetry. The first claddings 91 and 101 shown in Figures 9 and 
10 have no axis of mirror symmetry. 

Referring to Figure 3, the first cladding 3 1 is defined by an equilateral $tar 32 
comprising three lines 33, three vertices 35, and defined by a first length 34 equal to 

- • • 

•the length of the side of the star 32. The first cladding 31 comprises circular arcs 36 
connecting adjacent vertices 35, the circular arcs 36 having centres 37 at the vertices' 
35 of the equilateral star 32. The circular arcs 35 have a first radius 3S equal to the v. 
first length 34. 

Figure 4 shows a first cladding 41 defined by circular arcs 42 and 43. The 
circular arcs 42 are centred on the vertices 35, have a first radius 38 that is greater 
than the first length 34, and connect adjacent lines 33. The circular arcs 42 are joined 
together with circular arcs 43 each centred at the vertices 35 and each having a 
second radius 44 equal to the difference between the first radius 38 and the first 
length 34. 

Figures 5 and 6 show first claddings 51 and 61 similar to the first claddings 31 
and 41 respectively, but with five vertices 35 instead of three vertices 35. The 
equilateral stars 32 shown in Figures 3, 4, 5 and 6 are equiangular stars. 

Figures 7 and 8 show first claddings '71 and SI similarto first claddings 51 
and 52 respectively, but where the equilateral stars 32 contain at least two different 
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angles 75, 76, that is D the equilateral stars 32 are not equiangular stars. The first 

* 

claddings 71 and §1 contain en axis of mirror sytametry 77. 

Figures 9 and 1 0 stow first claddings £l and 1 01 defined by equilateral $tm 

■ . • ■ . 

i ■ • 

32 characterised in having no axes of mirror synunetry. 

■ 

The fctars 32 shown in Figures 3 to 10 all have an odd number of vertices 35. 
In general the rrauber of vertices 35 should be odd, and can be between three and one 
hundred and three, but is preferably between three and nine. 
Each of the lines 33 that make up the stars 32 in Figures 3 to 1 0 cross each of (be 
other lines 33. 

Figure 1 1 shows a fibre 110 containing the first cladding 51. The core 3 is 

» 

located at the geometric centre 1 1 1 of the first cladding 51 that is defined by the 
intersect of two of the lines of mirror symmetry 77. As shown by the fibre 120 of 
Figure 1 2, the core 3 can also be of! feet from the geometric centre 111. The cores 3 in 
both Figures 1 1 and 12 are shown as being concentric with the second cladding 2 
which can sometimes be convenient for locating the core 3 andJor for splicing the 
fibre 110, 120, especially if the second cladding 2 is made from a hard material such 
as a glass. 

The first claddings 91 and 101 shown with reference to Figures 9 and 10 do 
not have lines of mirror symmetry 77 and do not haw geometric centres* Figttre 1 3 
shows a fibre 130 comprising the first cladding 101. A circle 131 is defined which is 
the smallest ciztde that can eoatain the first cladding 101. The core 3 may be centred 
at the centre 132 of the circle t3J . This location is advantageous for splicing the fibre 
130^ Alternatively, the core 3 may be offset from the centre of the circle 131 which 
in certain configurations may be advantageous for maximising the overlap between 
cladding modes and the core. Figure 14 shows a fibre 140 comprising a circular first 
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dadding 141 which contains a longitudinally extended hole 142. The hole 142 may 
be circular or non-circular. Thehole 142 may be elliptical c* substantially 
rectangular. The hole 142 will assist in coupling cladding modes with the core 3. 



Figure 1 5 shows a fibre 150 containing a region 1 5 1 of low refractive index in 

- 

■ - 1 

the first cladding 141 . By low refractive index, it is meant that the refractive index of 
the region 151 is less than that of the first dadding 141. The region 151 of low 
refractive index may be circular. Alternatively, or in addition, the region 151 of low 
refractive index may be non-circular. The region 151 of low refracti ve index may be 
boron doped silica, and may be a stress rod manufactured using modified vapour 
chemical deposition. 

Figures 16 and 1 7 show sinnlar. fibres 160, 170 to those shown in Figures 14 
and 15 but with the non-circular first ckdding 51. 

With reference to Figure 1, the fibre 5 preferably comprises rare-earth dopant 
10. The rare earth dopant 10 may be selected from the group comprising Ytterbium, 
Erbium, Neodymium, Praseodymium, Thulium, Samarium, Holmhmvand 
Dysprosium, or is Erbium codoped with Ytterbium, or is Neodymium codoped with 
Ytterbium. The rare earth dopant. 1 0 may be located in the core 3, in the first 
cladding 1, or in both the core 3 and the first cladding 1. Fibres 1 10, 120, 130 140 
1 50, 1 60 and 1 70 preferably contain rare-earth dopant 1 0. 

Fibres containing a first cladding 1 as described with reference to the above 
figures can be febrissted by inserting a modified chemical vapour deposition perform 

♦ 

into apre-machined glass capillary having the desired outer contour and materials 
properties. The machining can be performed using ultrasonic milling arid/or lapping. 
Figure 1 8 shows apparatus for providing optical radiation 1 89 in the form of a 

, • i 4 - * - ■ * 1 

laser 180 comprising a fibre 1 81 and a pump source 182 for providing pump radiation 



•1 i.v 



i « • 
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185 to fte first cladding 1, and first and second reflectors 183, 184. The fibre 181 is 
preferably one of the fibres described with reference to Figures 1 to 17 to contains 
raze earth dopant 10, The pump source 1 82 can comprise at least one semiconductor 
laser diode, a laser diode bar or a laser diode stack. The reflectors 1 83 and 1 84 can 
comprise a fibre Bragg grating, a grating, a dicbioic mirror, or an end reflection from 
the fibre 1 81 . It is preferable that me reflection of the first reflector 183 is greater 
than the reflection of *he second reflector. Tbe first reflector 1 83 is preferably 
dichroic reflecting tight at the wavelength of the optical radiation 1 89, and 
transmitting the pump radiation 1 SS. The fibre 1 81 can be multimode or monomode 

optical fibre. 

Figure 19 shows apparatus fox providing optical radiation 1 95 in the form of 
an optical amplifier 190. The amplifier 190 is similar to that shown in Figure 18 
except to there are no reflectors 183, 184. Pump radiation 185 and signal 191. .are 
coupled into the fibre 1 81 by a coupler 193. The coupler 1 93 may be any form of 
optical combining means such as a beam sputter or coupler, but is preferably a 
dichroic mirror or wavelength division multiplexing coupler. The optical amplifier 

190 can include one or more isolators 196. 

Figure 20 shows apparatus tor providing optical radiation 205 in the form of a 

source of amplified spontaneous emission 200 that comprises the pump source 1 82 

and the fibre 181. The source 200 may also contain one or both of the isolator 196 

said reflector 183, 

Figure 21 shows apparatus for providing optical radiation 215 in the form of a 
master oscillator power amplifier 210 comprising the pump-source 1 82. me fibre 1 81, 

■ ■ 

and a seed source 211 for providing an.optical seed 212. The seed source 21 1 may be 

. -• « • . . , • 1 . 

• • * . • i 

a scnuconductor laser, a pulsed laser, a fibre laser, or a solid state laser. A 
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samiconductor laser is often desirable in this application because the amplitude of the 
optical seed : 212, and hence the Optical radiation 21 5 can be controlled to a desired 
shape by modulating the drive current into the semiconductor laser. The provision of 
the isolator 196 is optional, 

* 

— - - - ~ , - •— 

. • ... 

The laser 180, the amplifier 190, the source of amplified spontaneous 

emission 200, and the master oscillator power amplifier 210 are believed to have 
important application as sources of high power laser radiation for industrial and 
aerospace applications including materials processing. In such applications it is often 
desirable to synchronise the pump source 182 with me movement of an optical 



scanner. 

It is tobeapprecia 

to the accompanying drawings have been given by way of example 



that the embodiments of the invention described above 



only and that modifications and additional components may be provided to enhance 
performance. 

The present invention extends to the above-mentioned features taken in 



isolation or in any combination, 
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Claims 



1 



3. 



4. 



5. 



8. 



Apparatus for providing optical radiation, which apparatus comprises an. optical 
fibre having core, a first cladding and a second cladding, in which the first 



cladding has a substantially constant di 



2. Apparatus according to claim 1 in which the first cladding is non-circular. 



Apparatus according to claim 1 or claim 2 in which the first cladding has at 
least one axis of mirror symmetry. 



Apparatus according to any one of the preceding claims in which the first 
cladding has a geometric centre. 



Apparatus according to dairo 4 in which the core is located at the geometric 
centre. 



6. Apparatus according to claim 4 in which the core is offset from fee geometric 
centre. 

7. Apparatus according to any one of claims 1 to 3 in which the core is centred at 
th6 ceafire of the smallest imaginary circle that can contain the first cladding. 
Apparatus accoxding to any one of claims 1 to 3 in which the core is offset ftroa 
the centre of the largest imaginary circle that can be contained within the first 
cladding. 



9. Apparatus according to any one of the preceding claims, in which the first 
cladding comprise circular arcs having centres at the vertices of an equilateral 
star. 

1 0. Apparatus according to claim 9 wherein the circular arcs each have a first radius 
equal to the length of th& side;of the star, 

1 1 . Apparatus according to claim 9 in which the circular arcs each have a first 

* * 1 

radius greater than the length of the side of the star, vvhich circular arcs are 



P. 34 
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joined by circular arcs having a. centre located at die vertices, and a second 
radius equal to fts difference between the radius fee length of Reside 

* * • " 

* * 4 

* 

of the star. 

12. Appals voiding toany one of clahns9 tolling 

» 

1 * ■ 

crosses all the other lines of the star. • 

13. Apparatus according to claim 12 in which the star is an equiangular star. 

■ 

14. Apparatus according to claim 12 in which, the star contains at least two different 
angles, 

1 5. Apparatus according to any one of claims 9 to 14 in which the star contains an 
odd number of vertices. 

16. Apparatus according to any one of the preceding claims in which the fibre 
contains at least one longitudinally extended hole. 

1 7. Apparatus according to claim 1 6 in which the hole is circular. . , 

1 8 . Apparatus according to claim 1 6 in which the hole is non-circular. 

1 9. Apparatus according to any one of the preceding claims in which the fibre 
contains at least one region of low refractive index, 

20. Apparatus according to.claim 19 in which the region of low refractive index is 

> 

♦ 

circular. 

21 . Apparatus according to claim 19 in which the region of low refractive index is 
non-circular. 

22. Apparatus according to any one of the preceding claims wherein the fibre 

comprises rare-earth dopant 

* 

23. Apparatus according to claim 22 in which the rare earth doping is selected from 
the gronp comprising Yttesbium, Erbium* Neodymium, Praseodymium, 
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• - ♦ 

Thulium, Samarium, Holmium and Dysprosium, or is Erbium codoped with 
YtteAium, Cfr ifl Neodymiunx oodoped with Ytterbium. 

24. Apparatus according to any one of the preceding claims and comprising a pump 
source for providing pump radiation coupled to the first cladding. 

25. Apparatus according to any one of the preceding claims which apparatus is in 
the form of a laser, an amplifier, a source of amplified spontaneous emission, or 
a master oscillator power amplifier. 

26. Apparatus substantially as herein described with reference to the accompanying 
drawings. 
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